INTRODUCTION
The focus of this report is on the structure of a moderate-scale liquid methanol pool fire steadily burning in a well-ventilated quiescent environment. Pool fires are a fundamental type of combustion phenomena in which the fuel surface is flat and horizontal, which provides a simple and well-defined configuration to test models and further the understanding of fire phenomena. For liquid pool fires, the boundary condition at the pool surface obeys the Clausius-Clapeyron relation with the surface isothermal and observed to be approximately at the boiling point. In this study, methanol is selected as the fuel. Fires established using methanol are unusual as no carbonaceous soot is present or emitted. This creates a particularly useful testbed for fire models and their radiation submodels that consider emission by gaseous species -without the confounding effects of blackbody radiation from soot.
Use of fire modeling in fire protection engineering has increased dramatically during the last decade due to the development of practical computational fluid dynamics fire models and the decreased cost of computational power. Today, fire protection engineers use models like the Consolidated Fire and Smoke Transport Model (CFAST) and the Fire Dynamics Simulator (FDS) to design safer buildings, nuclear power plants, aircraft cabins, trains, and marine vessels to name a few types of applications. [1, 2] To be reliable, the models require validation, which involves a large collection of experimental measurements. An objective of this report is to provide data for use in fire model evaluation by the fire research community.
In moderate and large-scale pool fires, radiative heat transfer is the dominant mechanism of heat feedback to the fuel surface. Species concentrations and temperatures have a large influence on the radiative heat transfer. A zone of particular interest is the fuel rich-core between the flame and the pool surface, where gas species can absorb energy that would otherwise have been transferred to the fuel surface.
In this study, previous measurements characterizing the structure of a moderate-sized methanol pool fire are presented including time averaged local temperature and gas species concentrations. Temperatures were measured using fine wire thermocouples corrected for radiative losses. Gaseous species were measured using extractive sampling and a gas chromatograph. The species measured included the reactants (the fuel, methanol, and oxygen), combustion intermediates such as H 2 and CO, and combustion products such as H2O and CO2. The measurement results reported here represent experiments that were conducted during the years 2006 to 2008 at the National Institute of Standards and Technology (NIST). Some previously reported results are shown here for completeness -as this information is needed to define the fires for modeling purposes. Reference to previous work is made as appropriate.
The methanol pool fire considered in this study has been previously investigated. Akita and Yumoto [3] and Hamins et al [4] used ring pool burners to investigate the mass burning rate as a function of distance from the pool center. Weckman and Strong made measurements of the velocity and temperature fields up to one diameter above the fuel surface of a methanol pool fire for conditions very similar to those considered here -they used a 30.5 cm diameter burner with a rim height of 1 cm. [5] Radiative heat flux distribution to the fuel surface and to the surroundings are discussed in Refs. [4, 6, 7] . Global flame parameters such as the mean flame height and pool fire pulsation frequency have also been characterized [5, 7] . Ref. [8] used computational fluid dynamic fire modeling to examine 30 cm methanol pool fires. This report is broken into several parts. In Section 2, the experimental method and apparatus are described. The results are summarized in Section 3 and references are provided in Section 4.
EXPERIMENTAL METHOD
Steady-state burning conditions were established before measurements were initiated. A warm-up period of about 10 min was required for the mass burning rate to be steady. Since back diffusion of water slowly accumulates in the fuel pool in methanol fires, fresh fuel was used between experiments. Experiments were conducted under an exhaust hood located 2 m above the burner rim. The pool burner was situated in an enclosure (2 m by 2 m) built of double mesh screen walls to reduce the effect of ambient convective currents on the fire. The experimental apparatus and methods have been previously described in some detail in Refs. [4, 7, 11] .
Pool Burner
A circular stainless steel pan with an outer diameter (D) of 0.30 m, a depth of 0.15 m, and a wall thickness of 0.0016 m held the liquid methanol. An image of the burner is seen in Figure 1 . The bottom of the burner was water cooled with water (16 o C) flowing through a coiled copper tube brazed to the bottom of the fuel pan, which kept the bottom of the burner at a constant temperature. The burner was mounted on "legs" such that burner rim was about 0.4 m above the ground. A fuel overflow basin included for safety extended 3 cm beyond the burner wall at its base. Fuel to the burner was gravity fed from a reservoir on a mass load cell monitored by a data acquisition system. The fuel level in the burner has an impact on the mass burning rate. [4] During these experiments, the level of the fuel was maintained 5 mm below the burner rim by regulating the fuel supply from the reservoir to the burner. An off-center hole on the bottom of the burner held a stainlesssteel sheathed thin (≈1.6 mm diameter) Type K (chromel-alumel) thermocouple which measured the temperature just above the surface of the pool at the plane defined by the burner rim. During a fire, vaporization of the fuel caused the liquid level to drop and the thermocouple temperature to rise. The rising temperature triggered a control signal to the fuel flow control valve, allowing additional fuel to flow into the burner, facilitating maintenance of the liquid at a near constant level in the burner. The liquid set-point temperature determines the fuel level. It was set a few degrees above the fuel boiling point of 65 o C. The level was verified throughout the experiment by visually observing the tiny tip of a sharpened (2 mm diameter) pointer that formed a barely discernable dimple on the fuel surface. The fuel level indicator is seen near the center of the burner in Figure 1 . The expanded uncertainty in the level was estimated to be 0.5 mm for the methanol experiments.
Temperature Measurement
A bare-bead thermocouple situated in a fire experiences radiative exchange with the flames and the surrounding environment such that the measured temperature is not the true gas temperature. In this study, the local temperature was measured using fine wire thermocouples. A computer controlled translation stage moved the thermocouple through the flame. The flame was assumed to be axisymmetric.
The thinner the wires, the smaller the radiative loss and the faster the measurement time response. Selection of the diameter of a fine wire thermocouple must consider trade-offs between the durability of the instrument and measurement needs. The finer the wire, the smaller the radiative exchange with the environment, but the more difficult it is to configure. In this study, a 75 µm diameter Type S (Pt 10% Rh/Pt) thermocouple was employed. The measured signal was acquired at a rate of 10 Hz for at least 30 flame cycles. The signal was recorded and the time-average and standard deviation calculated. Temperature measurements were corrected for radiative losses considering an energy balance at the thermocouple bead. No soot was present in the methanol fire, so the thermocouple geometry remained invariant with time. The bead was approximately spherical as seen in an optical microscope with the bead diameter approximately two times the diameter of the lead wires. The thermocouple leads were oriented horizontally in the fire, so conductivity along the leads was assumed to be negligible. The convectiveradiative energy balance can be written as:
where T is the gas temperature, Tm is the temperature at the thermocouple bead, Ta is the ambient temperature (298 K), k is the gas thermal conductivity, D is the diameter of the thermocouple bead, σ is the Stefan-Boltzmann constant, ε is the thermocouple emissivity, and Nu is the Nusselt number. The Nusselt number for a sphere is given by Ref. [12] : 
where Re is the Reynolds number, Pr is the Prandtl number, µ is the gas viscosity and the subscript "s" refers to conditions on the thermocouple surface. The temperature dependent gas properties for k, µ, Re, Pr, are taken as those of air from Ref. [12] , which also provides the emissivity of platinum at elevated temperatures. Solving Eq. 1 for T, a radiative correction for the gas temperature was found to be less than 30 K for the peak temperature. To determine the Re, the measured gas velocity in a 30.5 cm methanol fire was taken from Ref [5] , but the sensitivity to velocity is very small. The total expanded uncertainty in the temperature measurement was determined to be 16 %, which was almost entirely due to measurement variance.
Gas Species Measurement
The volume fractions of major gas species were measured along the centerline of the pool fire using an Agilent 3000A Micro-GC gas chromatograph fitted with thermal conductivity detectors (TCD) detectors. Species samples were extracted using a cooled probe at various locations along the fire centerline during steady-state burning.
The GC was able to quantify a number of stable reactants, intermediates, and combustion product species extracted from the fire during each test. Chromatographic separation of species was achieved by four columns working in parallel, namely a molecular sieve 5A, Plot-U, OV-1, and Stabilewax columns. Helium was used as carrier gas on all of the columns except the mole-sieve column, for which Argon was used. A summary of the different columns, their physical specifications, and the GC parameters used during the analysis are listed in Table 2 .2 of Ref. [13] .
A cooled probe connected to a gas pump extracted samples from the flame. The probe was composed of two concentric stainless steel tubes with an outer annular coolant flow and an inner extracted gas sample flow. The inner and outer tube diameters were 4.5 mm and 12.7 mm, respectively. Dimethylphenylmethylsiloxane was used as the coolant. It was preheated to 100 ºC to prevent condensation of H2O and methanol in the probe during sampling. The remainder of the sampling line to the GC was heated with electrical heating tape at 100 o C. Gas samples were drawn through the inner tube at a rate of 30 cm 3 /s into heated gas lines and a 300 cm 3 heated glass mixing vessel, where the residence time was about 9 s. Sample was injected into the GC from the mixing vessel.
Identification and quantification of gaseous species was accomplished by the use of gas phase calibration standards either commercially purchased or mixed in the lab. Liquid calibration mixtures involving H2O and CH3OH, for example, were created in the lab and introduced into the GC using a special injection port. Due to the wide variety of columns used and the large number of species and varying quantities that were potentially present, several different gas standards were used.
Uncertainty in the quantification of gas species is described in detail in Ref. [13] . Typically, a minimum of 4 or 5 samples were analyzed at each location. The variance in the measurement results differed from location to location and from species to species. On average, for all species, the repeatability or variance of the measurement was 16 %, which was the single most important component in the overall uncertainty budget. The expanded uncertainty was 34 %, on average, for all gas species.
RESULTS AND DISCUSSION
The shape of the fire dramatically changed during its pulsing cycle. The fire was blue with no indication of the presence of soot. The observed dynamic fire shape is consistent with the careful description given by Weckman and Sobiesiak for a medium-scale acetone pool fire [14] and with the analysis given by Baum and McCaffrey [15] . 
Temperature Measurements
The time-averaged temperature measurements as a function of distance above the burner along the centerline are shown in Figure 3 . The maximum temperature was 1323 K, which occurred about 15 cm above the fuel surface at a flame location where much of the fuel has reacted and near the maximas of the concentrations of intermediate gas species such as CO and H2 (see the results and discussion in Section 3.2 below). Also shown are temperature measurements from Weckman and Strong in their 30.5 cm diameter methanol pool fire with a rim height of 1 cm [5] . They used bare 50 µm diameter Type S (Pt 10% Rh/Pt) wire thermocouples, similar to the thermocouples used in this study. Representative values of the expanded uncertainty, which was dominated by measurement variance, are shown in the figure. A comparison of the results seen in Figure 3 show that the data are in general agreement.
The gradient near the fuel surface in Fig. 2 is steep. At a location 0.3 cm above the burner rim, which is 0.8 cm above the fuel surface, the temperature was about 730 K, whereas the temperature at the fuel surface was measured to be at the boiling point of methanol, 338 K, yielding a temperature gradient near the fuel surface of about 500 K/cm. Figure 4 shows analogous results for radial radiation-corrected temperature profiles at various axial distances above the burner in a 0.30 methanol pool fire. Results from Weckman and Sobesiak at 30 cm above the burner are shown for comparison [14] . Representative values of the expanded uncertainty, which was dominated by measurement variance, which were previously not presented, are shown in the figure. The largest temperatures in the radial direction occur on or close to the central axis. Figure 5 shows a plot of the major species volume fraction along the central axis as a function of location above the burner rim, including the reactants (O2 and CH3OH), products (CO2 and H2O) and combustion intermediates (H2 and CO). As expected, the fuel volume fraction is highest and the oxygen volume fraction is lowest close to the fuel surface. The intermediates peak a few cm above the fuel surface followed by the products that peak further downstream. This is seen more clearly in Figure 6 , where the ratios of various gas species are presented. The expanded uncertainty was 48 % for the data points with measurement variance the dominant contributor to the uncertainty. The volume fraction ratios of H2 to H2O and CO to CO2 are seen to decrease with distance from the fuel surface. Near the fuel surface, the CO volume fraction is greater than CO2 and remains so until about 0.1 m above the fuel surface. Figure 6 also shows that the ratio of carbon to oxygen atoms also decreases with distance from the fuel surface as more and more air is entrained towards the fire centerline. Figure 5 . The volume fraction of major gas species as a function of distance (z) above the burner along the centerline of a 0.30 methanol pool fire. The lines represent polynomial fits to the data. Figure 6 . The ratios of the gas species volume fractions H2 to H2O and CO to CO2, and the ratio of carbon to oxygen atoms as a function of distance (z) above the burner along the centerline of a 0.30 methanol pool fire. The expanded uncertainty was 48 %. The lines represent polynomial fits to the data. Figure 7 shows previously published results of the local heat flux in the downward direction within the pool and external to the pool along the plane defined by the burner rim as a function of radial position in the 30 cm methanol pool fire. The burner radius at 15 cm is noted in the figure. These data are taken from two independent studies using the same burner and conditions considered in this study [4, 6] . These measurements are useful to compare side-by-side to provide a more complete understanding of the structure of the methanol pool fire considered here.
Species Concentrations

Radiative Distribution
The radiative flux within the pool was measured using a nitrogen-purged narrow view angle flux gauge positioned at various locations within the liquid pool [4] . The measurements required changing the angle of the radiometer and integrating the measurements to determine the total radiative flux at a specific location. Also shown are the local radiative heat flux measurements made along a radius external to the burner [6] . Axisymmetry of the pool fire was assumed in the processing of both these sets of measurements. The expanded uncertainty is shown in the figure. It is interesting to note the flux near the burner edge (15 cm) from these two set of measurements, which are in agreement within measurement uncertainty. This data along with previous measurements in this fire begin to provide a picture of the structure of this methanol pool fire. 
CONCLUSIONS
In summary, a series of measurements was conducted to characterize the structure of a 30 cm diameter well-ventilated methanol pool fire burning in a quiescent environment. Time averaged local measurements of temperature and gas species concentrations were made. The measurements reported here complement previously reported data in the fire as noted in Table 1 , such as the radiative distribution of heat flux, the flame height, the velocity field and so on. This accumulated information provides the basis for understanding the structure of the methanol pool fire and makes it a suitable candidate for fire model evaluation.
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